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The results of this research are being widely utilized in the technical literature on composite
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attached summary of technology transfer to the Boeing Commercial Airplane Group attests to the

applicability of the results. Dr. Horgan visited the Boeing Company in Seattle on May 25, 1995 to
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Horgan has also initiated jomt work with Professor Leif Carlsson of Florida Atlantic University

on the role of end effects in composite testing. Professor Carlsson visited the University of Virginia
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authored an invited book chapter in the 6 volume" Comprehensive Composite Materials"

( ed. by A. Kelly and C. Z,_eben), Elsevier Publishers, 2000, pp. 5-21 .This book series reviews the

developments in composite_ technology in the 20th century and sets the stage for future work.
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Statement of the Problems Studied and Results

The research carried out here builds on our previous NASA supported research on the

general topic of edge effe,:ts and load diffusion in composite structures. Further fundamental

solid mechanics studies were carried out to provide a basis for assessing the complicated

modeling necessary for large scale structures used by NASA. An understanding of the

fundamental mechanisms of load diffusion in composite subcomponents is essential in

developing primary composite structures. Specific problems recently considered were focussed

on end effects in sandwich structures and for functionally graded materials. Both linear and

nonlinear (geometric and material) problems have been addressed. Our goal is the development

of readily applicable desig_ formulas for the decay lengths in terms of non-dimensional material

and geometric parameters. Analytical models of load diffusion behavior are extremely valuable

in building an intuitive base for developing refined modeling strategies and assessing results

from finite element analyses. The decay behavior of stresses and other field quantities provides a

significant aid towards this process. The analysis is also amenable to parameter study with a

large parameter space and should be useful in structural tailoring studies.

The research carried out here is concerned with the general issues of local gradients,

discontinuities and load diffusion in composite structures. Fundamental solid mechanics studies

are carried out to provide a basis for assessing the complicated modeling necessary for the large

scale structures used by NASA. An understanding of the fundamental mechanisms and nature of

load diffusion in composite subcomponents is essential in the development of primary composite

structures, for example, the diffusion of wingbox loads into the composite fuselage shell walI of

the proposed high-speed civil transport aircraft or the diffusion of internal loads around major

discontinuities in stiffened fuselage shells such as passenger doors. (Results in this area are

particularly relevant to the NASA Airframe Structur_ Integrity Program). SpeciaI purpose

analytical models of load &ffusion behavior are extremely valuable in building an intuitive base

for developing refined modeling strategies and assessing results from general purpose finite

element analyses. For ex_,mple, a rational basis is needed in choosing where to use three-

dimensional to two-dimen_ional transition finite elements in analyzing stiffened plates and

shclls. The decay behavior of stresses and other field quantities furnished by the research carried

out here provides a significant aid towards this element transition issue. A priori knowledge of
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the extent of boundary-layers induced by edge effects (e.g. bending boundary layers) is also

useful in determination or" the instrumentation location in structural verification tests or in

material characterization tests. The analysis is also amenable to parameter study with a large

parameter space and should be useful in structural tailoring studies.

The particular problem area investigated is that of local gradients, discontinuities and load

diffusion in anisotropic aad composite structures. In the application of elasticity theory to

problems of practical interest, an essential simplification is made by ignoring local gradients or

discontinuities through consideration of load resultants. For example, the theories for strength of

materials, involving beams, plates and shells have such relaxed boundary conditions as

cornerstones of their devel_pment. The justification for such approximations is usually based on

some form of Saint-Venant's principle characterizing the boundary layer behavior involved.

Thus, Saint-Venant's principle is appealed to in neglecting local gradients and discontinuities,

and experience with homogeneous isotropic materials (e.g., metals) in linear elasticity has

served to establish this staadard procedure. It lies at the very foundations of applied structural

analysis as practiced in the aerospace industry. Saint-Venant's principle also is the fundamental

basis for static mechanical tests of material properties. Thus property measurements are made in

a suitable gage section where uniform stress and strain states are induced and local effects due to

clamping of the specimen are neglected on invoking Saint-Venant's principle. Such traditional

applications of Saint-Venaat's principle require major modifications when strongly anisotropic

and composite materials are of concern. For such materials, local stress effects persist over

distances far greater than is typical for isotropic metals. The implications of such extended end

zones due to anisotropy ale far reaching in the proper analysis and design of structures using

advanced composite materials.
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Severaldevelopmentsof our earlierwork havebeenmaderecentlyunderNASA support.

We have made substantialprogressin understandingthe extent of end effects in sandwich

structures.In Figure 1 attached,a symmetricsandwichstrip in anti-planeshear( Mode III ) is

depictedschematicallytogetherwith anasymptoticformula (*) for thedecaylength.This result

provides an estimatefor a scaleddecay length for the casewhen the core is much more

compliantthan thefacesh_ets.The graphsin Fig. 2, 3 showhow usefulthe result(*) is from a

designviewpoint.Theresultswereextendedto includetheeffect of imperfectinterfacebonding.

It wasshownthatimperfeci:interfacebondingleadsto muchslowerdecayof endeffectsthanin

the perfectlybondedcase. Applicationsof theresultsfor the perfectlybondedcasehave been

made to configurations t_sedby the Boeing Company in the Boeing/NASA Advanced

TechnologyCompositeAir,.:raftStructures(ATCAS) Program.Seethediscussionsin [1].

We have also made considerablerecent progress in investigation of end effects in

functionally gradedmaterials(FGMs).Suchmaterialsarenow usedin a varietyof applications

e.g. to providesuperioroxidationandthermalshockresistances.Thermalresidualstressescan

be relaxedin metal-cerami,:layeredmaterialsby insertinga functionally gradedinterfacelayer

betweeenthe metal andthe ceramic.It is shownin [5] that the inhomogeneitycanenhanceor

inhibit load diffusion. In a recentpaper [6], similar resultson spatialdecayof transientend

effects in heat-conductingFGMs have beenobtained.Theseresultsare of importanceto the

NASA mission in view ol the widespreaduse of FGMs in NASA applications. The stress

response of rotating disks composed of FGMS is analyzed in [3], while in [8] large deformations

for rubber-like rotating cyliaders are considered. The papers [2,4, 7, 9] are concerned with both

geometric and material nonlinearities.
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Statement of the Impact of the Proposed Research

The research program being carried out here contributes to NASA's Structural Mechanics

Program in several ways. At the outset it has two important impacts. Firstly, we continue to

show from specific problems, simple enough to be amenable to considerable analysis yet

elaborate enough to be cf practical significance, that end and edge effects in anisotropic,

laminated, materials and structures are far more severe than in homogeneous isotropic structures

of the same geometry and under the same loads. Secondly, it shows that elementary (classical)

theories of beams, plates, and shells, properly supplemented and iterated, suffice for the accurate

determination of stresses in thin-walled, layered structures, even in the presence of strong end or

edge effects. Thus, an important impact of this research is to convince users of large structural

computer codes that the m_derlying equations must be examined carefully to make sure, on the

one hand, that they properly and accurately incorporate end and edge effects, and, on the other,

that they are not unnecessarily elaborate (i.e., incorporate effects of the same order as others they

tacitly neglect.) It is also anticipated that new design results will continue to be developed

which will be of immediate use to composite designers in particular in connection with material

tailoring.

A further contribution of the work is in the area of large deformations of composite

materials. As is well known, consideration of both geometric and material nonlinearities in

composites often leads to ,,triking differences from predictions of corresponding linear theories.

In view of the rapid utilization of advanced composite materials in current NASA technology,

studies on large deformations of such materials promise to have a widespread impact on the

NASA research mission.
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The researchshould also assist in the developmentof new structural concepts,using

compositematerials,for applicationto primary aircraft structures.The analysisis amenableto

parametricstudiesof value in structuraltailoring. Analytic resultsof the type soughthereare

crucial complements to large scale computational analyses of actual aircraft and space structures

that often have several local gradients and discontinuities involving load diffusion.



A Teclmology Transfer Example
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A Boeing/NASA Advanced Technology Composite Aircraft Structures (ATCAS) Program

has been activesince1989. The primaryobj_-'_ve of this program is to:

an integrateda_hzmlolo (m_ & sm_u_=es)andd_azoma'aa_a mnflden_
tevd thaxpeunim cest-and_vei__ use of advm=d _ mat=ia_ in px-hm_

In this lxogram, a section of a widebody akcraft (244" dia) just aft _ the wing/body iae:nec6_

is being anaty=d by the Boeing Commen_d AirphmeCrroupin Sem_ Wash_gmn. Sa_w_

_aze being used for the side md keel of this section. The pmicular muctnn_ coasist af

_' AS4/8552 for the skin and Hexcel'sHRP honeycomb _ (see next page far dem_

on Iayap etc.). _sion testing of _ coupons indicate th_ need to _ Saint-

Venant end effects in interpret_on oft.he test data. The wcxk of theI:_sisbeingudIizedintt_

effcu_One of theP_s (C O. I-L)v_ited theBoeing Group in Seattleon July I,1994 and on

3"une 1/2, 1995.to consolklme tl_ __n, _ _ with the Boeing sciendsts

(Dr. W. A. Avery, coord_mr) is being inieated. One ob_ is to develop t

testing program to be carried, out by Inlegrnted Technologies, Inc. (/ntec), Bothe/l, W'A, under

subcontract to Boeing. Preliminary tests by Inte¢ Izve _ lroblems dee m end eEectsht

the sandwich panels under invest_eian. It is mticipated tim the results obtained in our

research Inogram will have direct application to these problems. In fact, the _ with the

Boeing/Imec mechanics and nutterhls group _ l_vkling additioml mmiva_n and stimulns to

our efforts in _mdentanding the extem of Sttet-Venant end effects in advanced

_ ands_
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Table 1 Material Types

Panel ID Skin Form No of
Mated.a1 Hies

t,, =, ,,s

AK7 -- 8-256 Tow 12

AK8 8-256 Tow 12

AK10a AS4/8552 Tape 12

AKI0_ ._4/8552 "Tow 12

AK10d ._LS,_/8552' Tow 12

Nominal Layup

w,

o,o_g0 g_
o.obso _1

0.0673 _=J.z
0.0073 F.,_s
0.0o73 _J.
"o.oo73 Keel1/

Keel3

Core Type

I-.HT,.P-_1_8_

'T9C-_1_5_

.HRP-_IGSw0

HRP-_I_8_

H1_-_1_8_
,, m

10

Cor_
Tkick-
ne.$_

0.75

0.75

0.75

0.75

0.75

0.75

Table2 Layups

ID of_
II Ill I

I_A I 12

_e.t 3 12

I ,,, ,,,, ,,,

Ply (h'_tafion

[45/O/-4.Tdgo/o/-4._/4_-45/O/45"J

[30/-3_0/0/-45/45/U/90/0/-30/30]
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